Localized-surface plasmon resonance is of importance in both fundamental and applied physics for the subwavelength confinement of optical field, but realization of quantum coherent processes is confronted with challenges due to strong dissipation. Here we propose to engineer the electromagnetic environment of metallic nanoparticles (MNPs) using optical microcavities. An analytical quantum model is built to describe the MNP-microcavity interaction, revealing the significantly enhanced dipolar radiation and consequentially reduced Ohmic dissipation of the plasmonic modes. As a result, when interacting with a quantum emitter, the microcavity-engineered MNP enhances the quantum yield over 40 folds and the radiative power over one order of magnitude. Moreover, the system can enter the strong coupling regime of cavity quantum electrodynamics, providing a promising platform for the study of plasmonic quantum electrodynamics, quantum information processing, precise sensing and spectroscopy.
Metallic nanostructures confine light on the subwavelength scale due to the collective excitation of electrons known as localized-surface plasmon resonances (LSPRs). Ultrasmall mode volumes of the plasmonic resonances down to cubic nanometers make them a powerful platform for fundamental studies and novel applications, such as spaser [1, 2] , superlens [3] and quantum plasmonics [4, 5] . An emerging field is to study the nanoscale light-matter interaction between plasmonic mode and few or even single quantum emitters (e.g., atoms, molecules or quantum dots, etc). For example, in the weak coupling regime LSPRs are widely used to enhance fluorescence [6] [7] [8] and Raman scattering [9] [10] [11] and to achieve unidirectional emission [12] ; in the strong coupling regime the coherent hybridizations between plasmonic resonances and quantum emitters have also been investigated both theoretically [13] [14] [15] [16] [17] [18] and experimentally [19] [20] [21] [22] [23] [24] [25] .
Two approaches have been taken to achieve singleemitter strong coupling -lowering the mode volumes and suppressing the dissipation. The former typically requires ultra-fine geometries with nanometer or even subnanometer precision [20, 25] , posing challenges on fabricating metallic structures and positioning individual quantum emitters. For the latter, the dipolar plasmonic modes dissipates through both radiation and Ohmic absorption, while the multipole modes are purely absorptive [26] . A better coherence can be achieved by reducing the excitation of multipole modes or enhancing the excitation of dipolar modes. Thus, efforts have been made to tailor the geometry of the metallic nanostructures, for example, elongating a metallic nanoparticle (MNP) to separate the dipolar and multipole resonances [27] , and forming dimer or arrays to obtain stronger coupling of a certain dipolar mode [28] . An alternative approach is cancelling the coupling between the emitters and the multipole modes with emitters homogeneously distributed around the metallic structure [29] . Despite of these efforts, the nonradiative decay from the dipolar plasmonic modes remains serious for small metallic nanostructures which are advantageous for stronger light-matter interaction due to more confined fields [11] . Here we provide the perspective of microcavity-engineered metallic nanostructure system, which is not revealed in previous studies of the hybrid photonic-plasmonic modes [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The microcavity engineers electromagnetic environment of dipolar plasmonic mode, enhancing its radiation rate and further reducing the Ohmic absorption. When a single quantum emitter is interacting with the cavityengineered MNP, it shows more than 40-fold boost of quantum yield together with significant enhancement of radiative power. With the greatly reduced dissipation, vacuum Rabi oscillation, vacuum Rabi splitting and anticrossing phenomena arise, manifesting the system in the strong coupling regime. The engineered dipolar plasmonic modes, together with ultrasmall mode volumes [20, 21] and suppressed excitations of multipole modes [27] [28] [29] in previous approaches, enables higher-fidelity quantum manipulation and more precise sensing.
We first develop an analytical model to describe the microcavity-engineered MNP system shown in Fig. 1(a) . the coupling coefficient which is set to be real, shown in Fig. 1(b) . The quantum Langevin equations are given by
where γ c and γ q,l are the decay rates of cavity and plasmonic modes; the inputs are introduced byĉ in for cavity andâ in q,l for plasmonic modes with rates γ in c and γ in q,l . To simplify the discussion without loss of generality, hereafter we focus on spherical particles with radii much smaller than the wavelength. Due to the spherical symmetry, only the plasmonic modes along the excitation electric field can be excited, and the footnote q can be dropped. In this case, the resonance frequencies ω l of LSPRs can be obtained analytically using the Drude model with metallic permittivity [29] , where ǫ ∞ is the permittivity at high frequency, ω p is the bulk plasma frequency and γ o is the Ohmic damping rate [48] . For the linewidth, the dipolar mode (l = 1) has two dissipation channels shown in Fig. 1(b) : radiation of rate γ 1,r and Ohmic loss of rate γ o , with the total decay rate γ 1 = γ 1,r + γ o , while multipole modes (l > 1) dissipate entirely through Ohmic absorption, with γ l = γ o . We consider a gold nanoparticle with ǫ ∞ = 1, ω p = 4 eV, γ o = 0.2 eV extracted from [49] , and the permittivity of environment is set as ǫ b = 1. For the cavity, we choose the mode volume to be V c = 1 µm 3 and quality factor 10 5 . We calculate the extinction spectra for the MNP-microcavity coupling system, and compare the analytical results with the numerical results computed from Mie theory. We find that (i) our analytical results agree quite well with the numerical results for MNP radius R < 30 nm, and (ii) the coupling of the cavity mode to the multipole plasmonic modes is over 2-order of magnitude weaker than to dipolar mode [47] . Therefore, throughout this paper we omit the interaction between the multipole plasmonic modes and the cavity mode, and use a MNP with radius R = 10 nm. Then the radiative decay rate is γ 1,r = 2.45 meV, calculated following Ref. [50] . The coupling coefficient between the dipolar plasmonic mode and the cavity mode is calculated as g 1 = −2.9 meV [47] .
To characterize the dissipative property of microcavity-engineered plasmonic excitation, we calculate the dissipation power by defining output operators. Φ
out,r is the output power through (i) radiation from MNP to the electromagnetic vacuum, witĥ a (1) out,r = √ γ 1,râ1 , (ii) coupling into the cavity for further guiding withâ
When the cavity and dipolar plasmonic mode are on resonance ∆ 1,c = ω 1 − ω c = 0 and MNP is pumped via freespace, the total radiation and absorption output power of cavity-engineered plasmonic mode are compared to the bare plasmon case in Fig. 1(c) . It is shown that Ohmic loss dominates over radiation in the absence of the microcavity. While in the presence of cavity, the radiation is enhanced by over one order of magnitude, and Ohmic absorption is reduced by almost 2 orders of magnitude on cavity resonance. As a result, most of the energy is guided out of the system through radiation. This phenomenon is attributed to the nontrivial electromagnetic environment created by the cavity, giving rise to a enhanced radiation of dipolar LSPR, similar to Purcell effect [51] . The radiation then guides the energy out from the absorptive region, resulting in the reduction of incoherent absorption.
With the property of microcavity-enhanced plasmonic radiation, we show that the system exhibits the unique advantage in coherent manipulation of a quantum emitter. After introducing an emitter, the Hamiltonian under the quantum jump approach [52] is given by
(2) Hereσ − =σ † + denotes the descending operator of the emitter, G the coupling coefficient between the dipolar plasmonic mode and the emitter, and J the coupling coefficient between the cavity and the emitter, ∆ 1,e = ω 1 −ω e the MNP-emitter detuning and ∆ c,e = ω c −ω e the cavityemitter detuning. Note that the multipole plasmonic modes are far detuned from the emitter's frequency and their couplings to the emitter [G 2 , G 3 ... in Fig. 1(b) ] are weaker than the dipolar plasmonic mode, so it is reasonable to treat them as a heat bath interacting with the emitter, well characterized by the Markovian approximation [47] . As a result, the decay rate of the emitter is γ e = γ s + γ m , consisting of both radiation to vacuum with rate γ s and dissipation to multipole plasmonic modes with rate γ m [47] . With a weak pump to the emitter, we study the quenching effect by calculating the quantum yield
In comparison with the previous case, the presence of a quantum emitter changes the output channels. Both the emitter and MNP radiate to vacuum, soâ
out,r = √ γ 1,râ1 + √ γ sσ− . Absorption through multipole modes is accounted for by an additional Ohmic output operatorâ (2) out,o = √ γ m σ − . In Fig. 2(a) we plot the quantum yield for an emitter with dipole moment µ = 1 e·nm and the distance between the emitter and the MNP surface being D = 10 nm. It shows that the quantum yield reaches over 40% in the presence of a cavity, while it is only 1% for a bare MNP case. This significant enhancement of quantum yield results from microcavity-reduced plasmonic absorption, demonstrated by the blue dotted curve in Fig. 2(a) . The maximum quantum yield corresponds to the valley of the Fano-lineshape absorption spectrum of the dipolar mode. Note that the Fano resonance originates from interference of two channels that excite the dipolar modes -(i) direct excitation from the quantum emitter and (ii) indirect excitation from the emitter through cavity to dipolar mode, see Fig. 1(b) . Maximum destructive interference is achieved for
The peak of MNP excitation does not correspond to the minimum of quantum yield because both the Ohmic loss and the radiation power are large. Although the excitation of MNP is reduced at ∆ p,c = ∆ 0 , compromising the local density of state near the quantum emitter, radiation enhancement due to the cavity environment still leads to over one-order-of-magnitude larger output power, as shown in Fig. 2 
(c).
Figures 2(b) and (d) plot, respectively, the enhancement factors of quantum yield and radiative power vs. emitter-MNP distance D and cavity Q factor. It is counterintuitive that engineering effect of the microcavity does not increase monotonically with increasing Q, instead it has a maximum at Q opt . This phenomena is attributed to two counteracting effects: (i) when Q < Q opt , absorption of dipolar plasmonic mode dominates the energy dissipation, because the electromagnetic environment of a broad cavity resonance is basically the same as vacuum; (ii) when Q > Q opt , although the dipolar plasmonic mode dissipates most of its energy through radiation, the energy guiding channel through the cavity becomes less efficient for a high Q factor, so that a substantial portion of energy is absorbed by multipole modes. Balance of the two effects leads to a maximum radiation enhancement at Q = Q opt . Figures 2(b) and (d) also show that the effect of cavity engineering also depends on the emitter-MNP distance D. When D is small, the loss from the multipole plasmonic modes dominates; for a large D, the coupling between the emitter and LSPRs becomes weaker. In the present case, the over 20-fold radiation enhancement can be achieved in a wide range 5 nm < D < 15 nm.
The reduction of incoherent absorption is able to bring the originally weak-coupled emitter-MNP system into the strong coupling regime. Different from the previous semi-classical treatment of the hybrid photonicplasmonic mode [31] [32] [33] , here we provide the full quantum model which is straight forward to study the strong coupling dynamics. To emphasize that the role of cavity is to engineer MNP, rather than to couple the emitter directly, we deliberately design the geometry of the system by setting the dipole moment of the emitter µ perpendicular to cavity field polarization E cav , so that cavity-emitter coupling J = 0. A ellipsoidal MNP with semi-principal axes (33, 5.5, 5.5) nm is used here, whose long axis lies in the plane formed by µ and E cav . Therefore the dipolar plasmonic mode of long axis couples to both the cavity and the emitter, with compromised coefficients G(θ) = G cos θ and g 1 (θ) = g 1 sin θ, where θ is the included angle between the long axis and E cav . The cavity-engineered system exhibits the vacuum Rabi oscillation and splitting, the typical manifests of strong coupling, plotted in Figs. 3(a) and (b) . In the temporal domain, the emitter undergoes 5 complete periods of oscillation for Q = 10 5 [ Fig. 3(a) ]. As the quality factor decreases, the number of periods declines, and oscillation does not occur without the cavity, demonstrating that the cavity engineering is crucial for achieving strong coupling. In the frequency domain, the system exhibits two well-separated peaks in the emission spectra of emitter for Q = 10 4 , and the corresponding splitting reaches 4 meV [ Fig. 3(b) ]. The emission spectra are further illustrated in Fig. 4(a) with different emitter-cavity detuning ∆ e,c . The anti-crossing shown in the spectra is studied by analyzing the eigenfrequencies and linewidths of the two involved eigenstates, plotted in Fig. 4(b) and (c). At ∆ e,c = 0, the energy level splitting 2g eff reaches 3.5 meV, larger than linewidths of both eigenstates κ 1 = 1.28 meV and κ 2 = 0.11 meV. The cooperativity 4g 2 eff /(κ 1 κ 2 ) exceeds 80. The linewidths do not show a crossed pattern as in the conventional cavity-QED case [53] , because cavity mediated LSPR-emitter coupling poses both dispersive and dissipative nature. The similar mechanism was reported in exciton mediated optomechanical coupling [54] and low-Q cavity mediated cavity-QED coupling [55] . The dispersive coupling leads to the repulsion of eigenfrequencies' real parts [ Fig. 4(b) ] and the dissipative coupling results in repulsion of the imaginary parts [ Fig. 4(c) ]. This strong light-matter interaction between a single emitter and LSPRs possesses potential for various application, such as efficient transfer information from emitter to photon and high-fidelity manipulation of qubit.
In summary, we propose to engineer the electromagnetic environment of a MNP using a microcavity. By constructing an analytic quantum model to describe the MNP-microcavity interaction, we find that the microcavity enhances the radiation of the dipolar plasmonic mode, and thus reduces the Ohmic dissipation of the MNP. When interacting with a quantum emitter, the microcavity-engineered MNP system shows more than 40-fold enhancement of the quantum yield and greatly increases the radiative power output. Most importantly, with the dissipation suppressed, the microcavityengineered plasmonic system can reach the strong coupling regime of cavity quantum electrodynamics, while the bare MNP-emitter interaction falls into the weak coupling regime. We envision that the cavity-engineered plasmonic system holds great potential for the study of nanoscale cavity quantum electrodynamics and precise sensing.
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